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Abstract 
The Carbonate Looping process is a promising technology for post-combustion CO2 capture from power plants by means of CaO 
in a system of two fluidized bed reactors. The present study focuses on the retrofit with re-powering of an existing 1052 MWel
coal-fired power plant. Material and energy balances of the process have been performed using ASPEN PLUS. The effect of 
make-up mass flow on circulating flow, coal feed to the calciner, electrical output, net plant efficiency, and CO2 capture 
efficiency is discussed. The energy penalty of 2.75% points is much lower than that of other CO2 capture technologies. 
© 2008 Elsevier Ltd. All rights reserved 
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1. Introduction 
Capture and storage of CO2 from coal-fired power plants is one option for a significant reduction of CO2
emissions in the field of power generation. In recent years, several processes for CO2 capture have been investigated 
[1], e.g. the IGCC process, oxyfuel combustion, or MEA scrubbing. However, all these processes have the 
disadvantage of enormous energetic efficiency losses of about 10-14% points, which questions the economy and 
acceptance of these processes. The Carbonate Looping process is a promising technology for post-combustion CO2
capture from power plants by means of CaO in a system of two fluidized bed reactors. In the carbonator, the CO2 in 
the flue gas is absorbed by CaO at around 650°C. The formed CaCO3 is transferred to the calciner, where CO2 is 
released at around 900°C. A stream of highly concentrated CO2 is obtained for subsequent storage, while the 
regenerated CaO is transferred back to the carbonator and is therefore maintained in a cycle. The endothermic 
calcination reaction needs heat input, e.g. from a supplementary combustion process fired with oxygen. The excess 
heat hereby generated can be utilized for power generation since the temperatures of the gases leaving the two 
reactors are high enough to produce supercritical steam. A sketch of the process is shown in Figure 1. 
With increasing number of carbonation/calcination cycles, the ability of the CaO in the system to capture CO2
gradually decreases, which results from sintering of pores in the CaO particles [2]. However, the material does not 
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Figure 1: Principle of the carbonate looping process. 
deactivate completely. A remaining reactivity after a high number of cycles of around 15-20% was determined in 
laboratory tests. In order to ensure high CO2 absorption rates, a stream of fresh CaCO3 (make-up) must be steadily 
supplied to the process. CaCO3 is available at low cost in form of natural limestone. Another natural sorbent 
containing CaCO3 could be dolomite. The reactivity of dolomite stabilizes on a higher level than that of limestone 
[3]. However, dolomite contains a large fraction of magnesium that does not participate in the reaction and thus 
constitutes additional ballast for the cycling solids. Furthermore, the utilization of extracted material is restricted by 
the magnesium compared to pure limestone. 
Apart from the CO2 absoption, SO2 reacts with CaO to form CaSO4 (gypsum). The SO2 absorption is an 
irreversible reaction in the relevant temperature range, so that the demand of make-up increases. SO2 and CO2 affect 
the ability of CaO to capture the other species, respectively. SO2 reduces the CO2 capture capability of lime at a high 
number of cycles, although the SO2 concentration is by orders of magnitude lower than the CO2 concentration in the 
flue gas [4]. Carbonisation/calcination cycles however lead to an increase of macro pores, enhancing the diffusivity 
with respect to sulfatization, so that SO2 capture increases.  
The major energy loss in the process results from the supply of oxygen for the operation of the calciner. Around 
1/3 of the total coal feed must be raised for the calciner [5]. Assuming an efficiency drop of 9% for oxygen supply 
in an oxyfuel plant, the corresponding loss for the carbonate looping process can be estimated to around 3% since 
only 1/3 of the oxygen amount is required. Calculations by Abanades et al. [6] of a power plant with 100 MW 
thermal power and a reference efficiency of 46 % resulted in a total net efficiency of 38.8 % including CO2
compression. For a plant of similar size with a reference efficiency of 45 %, Ströhle et al. [7] presented net 
efficiencies from 41 to 42 % and CO2 capture rates in the range of 70-95 %, depending on make-up and circulating 
mass flow, without taking CO2 compression into account. Romeo et al. [8] specified CO2 avoidance costs of 14.5 
€/tCO2 in the case of a retrofit of an existing coal-fired power plant with 300 MWel.
The present study summarizes the results of a feasibility study [9] on the carbonate looping process as an option 
for the retrofit of a large scale coal-fired power plant with an electrical output of 1052 MWel.
2. Process model 
2.1. Plant Description 
In the present study, the carbonate looping process is coupled with an existing power plant, i.e. CO2 capture 
occurs after an existing flue gas desulphurization unit (FGD). The process under investigation with all important 
components is shown in Figure 2. The flue gas of the existing power plant after the FGD at a temperature of 65°C is 
internally pre-heated. Before that, a fan raises the pressure by about 200 mbar for the fluidization of the carbonator. 
A steam generator extracts the excess heat from the carbonator resulting from the exothermic CO2 capture reaction 
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Figure 2: Process scheme of a carbonate looping plant as a retrofit.
in order to maintain the optimum temperature of 650°C. Furthermore, SO2 capture occurs in the carbonator. In a 
cyclone separator, the solids are separated from the flue gas with a reduced CO2 content. After that, the flue gas 
stream is cooled down to around 100°C and emitted to the atmosphere. The extracted heat is partly used for steam 
generation and partly for process internal pre-heating. The solids stream separated in the cyclone is partly lead back 
to the carbonator and partly transferred to the calciner.  
The temperature in the calciner is kept at around 900°C. The heat for the endothermic calcination reaction is 
supplied by combustion of coal with oxygen. Furthermore, fresh limestone (make-up) is added to the calciner. In a 
cyclone, the “CO2 stream” consisting of the released CO2 and the products of coal combustion is separated from the 
solids that are transferred back to the carbonator. The CO2 stream is cooled, dedusted and prepared for compression 
and geological storage. The extracted heat is also used for steam generation and process internal pre-heating.   
A solids stream of limestone and coal ash is continuously added to the process, so that a corresponding solids 
stream needs to be extracted. In a real plant, the particle size decreases due to attrition. Hence, part of the cycling 
inventory will be lost through the cyclones and precipitated in the dust filter. These particles are cooled down in heat 
exchangers together with the flue gases, so that the heat of the particles is used for steam generation and pre-heating. 
Another part may be extracted at some point in the process. The heat of the extracted material is also used for steam 
generation and pre-heating. 
A designed bituminous coal-fired power plant with a net electrical power of 1052 MWel and a net efficiency of 
45.6% is used as an upstream reference plant. The feed water enters the steam generator at 307°C, where live steam 
at 600°C and 285 bar is produced. In the reheater, steam is heated from 356°C to 620°C at 59 bar.  
2.2. Model Assumptions 
Mass and energy balances of the process have been calculated by flow scheme simulations using the commercial 
software ASPEN PLUSTM according to the plant scheme in Figure 2. For power generation in the carbonate looping 
block, the same steam parameters and water/steam cycle are assumed as in the reference plant. Hence, the hot flue 
gases from the two reactors and the hot solid streams are first cooled down to around 330°C (i.e. well above the feed 
water temperature of 307°C) in a steam generator, and the extracted heat is used for power generation. After that, the 
streams are cooled down to around 100°C, and the heat is utilized for internal pre-heating of the flue gas, the O2, and 
the make-up. The cleaning and compression stage of CO2 will be considered separately. 
In the carbonator, the reaction of CaO with CO2 is limited by the chemical equilibrium of the reaction (max. 85% 
conversion) and by the active fraction of CaO. For a continuous process with given make-up stream, F0, and 
circulating CaO steam, FR, Abanades et al. [6] have derived the following correlation for the active fraction of CaO, 
Xcarb:
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The constants fm and fw depend on the limestone type. The constant fw represents the active fraction in the limit of 
zero make-up stream (F0 = 0). The values for natural limestone, i.e. fm = 0.77 and fw = 0.17, are used in the present 
study. The CO2 absorption rate is kept constant at 80% while varying the flow of cycling solids. A conversion of 
99% is assumed for the reaction of CaO with SO2.
In the calciner, coal conversion of 99.5% is assumed. All CO2 is released from CaCO3 and SO2 is completely 
captured by CaO. The power consumption for the air separation unit (ASU) is set to 184.8 kWh per ton O2 at an 
oxygen purity of 95%. The oxygen excess ratio is fixed at 1.1. The make-up is assumed to consist of 100% CaCO3.
A separation efficiency of 100% is prescribed for both cyclones. 
The efficiency of a power plant including CO2 capture is derived by the sum of the net electrical power from the 
reference plant, Pel,RP, and the carbonate looping block, Pel,CL, divided by the sum of fuel power: 
 , ,
el, RP el,CL
coal RP coal CL u
P   P
m m
K  
  H
(2) 
The electrical output of the reference plant is given with Pel,RP = 1052 MWel. The firing capacity is 
, . The corresponding values for the carbonate looping block are calculated based on the 
process simulation. The net electrical power of the carbonate looping block corresponds to the gross electrical 
power, Pel,gross,CL, produced by the heat in the steam generators minus auxiliary power consisting of the power 
consumption of the air separation unit (ASU), Pel,ASU, the additional fan for pressure build-up before the carbonator, 
Pel,fan, and the pumps for the water/steam cycle, Pel,pumps.
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The process simulation does not directly provide the electrical power, but a heat transfer rate to the steam 
generators, QSG,CL. For the calculation of electrical power produced per transferred heat, it is assumed that the steam 
produced in the carbonate looping block is converted to electricity in an equivalent process (same steam parameters 
and water/steam cycle) as in the reference plant. The same assumption is used for the calculation of the power 
consumption of the pumps. 
The CO2 capture efficiency is defined as the relationship between captured and produced CO2. The latter amount 
corresponds to the amount of CO2 formed from coal combustion in the reference plant and the calciner, as well as 
from calcination of fresh limestone (make-up):  
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3. Results and Discussion 
First, the make-up flow is varied while keeping the CO2 absorption rate in the carbonator fixed at 80%. Figure 3 
shows the mass flows of circulating solids and coal burnt in the calciner as a function of the make-up mass flow. 
With increasing make-up, the flow of circulating solids decreases since the active fraction of CaO rises, so that less 
CaO needs to be cycled to keep the pre-defined capture rate of 80% in the carbonator. The coal input to the calciner 
decreases with increasing make-up flow since less solids need to be heated from 650°C to 900°C in the calciner.  
The net electrical power of the total plant and the heat extracted from the carbonator as a function of the make-up 
mass flow are presented in Figure 4. The electrical power of the plant increases by around 50% compared to the 
reference plant. With increasing make-up flow, the electrical power decreases according to the decreasing coal input 
to the calciner. The heat extracted from the carbonator is always positive showing that a retrofit of an existing power 
plant after an FGD is feasible. The extracted heat is in the range of 600-800 MWth, so that the carbonator may well 
serve as an evaporator of the additional water/steam cycle. The heat decreases with increasing make-up flow since 
less heat in form of hot solids (at 900°C) is transferred from the calciner to the carbonator. 
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Figure 3: Mass flow of circulating solids and of coal to the calciner as a function of make-up mass flow.
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Figure 4: Net electrical power of the total plant and heat extracted from the carbonator as a function of make-up mass flow.
The net efficiency drop with respect to the efficiency of the reference plant, i.e. 45.6%, and the CO2 capture 
efficiency of the total plant as a function of the make-up mass flow are shown in Figure 5. The efficiency decreases 
with increasing make-up flow, which results from two effects. On the one hand, less coal needs to be burnt with 
increasing make-up, so that the losses by the ASU decrease. On the other hand, the make-up consisting of CaCO3
needs to be calcined first. Part of this energy can be recovered by re-carbonization of CaO since a mixture of CaCO3
and CaO is extracted from the process. However, the reaction enthalpy of the extracted CaO is lost for the process 
and cannot be utilized for power generation. With increasing make-up flow, the increasing losses by calcination of 
make-up exceed the decreasing losses due to a lower oxygen demand. However, the efficiency drop lies between 2.7 
and 3.2% points for the whole range under investigation. 
The CO2 capture efficiency of the plant covers two parts. First, 80% of the CO2 contained by the flue gas from 
the reference plant is absorbed in the carbonator. Second, the CO2 resulting from the oxy-fuel combustion and from 
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Figure 5: Efficiency drop with respect to the reference plant and CO2 capture efficiency as a function of make-up mass flow.
the first calcination of limestone can be directly captured by 100 %. An overall CO2 capture efficiency of around 
87 % is achieved since the CO2 stream from oxy-fuel combustion is about half of that from the reference plant. The 
CO2 capture efficiency slightly decreases with increasing make-up since less coal is burnt in the calciner. 
A value of 55 t/h is supposed as a realistic value for the make-up mass flow. Around 1 % of the circulating solids 
are then continuously replaced by fresh limestone. This assumption implies that the SO2 load of the flue gas from 
the reference plant has been strongly reduced by an existing flue gas desulphurization unit. The net plant efficiency 
then amounts to 42.85 % corresponding to an efficiency drop of 2.75 % points with respect to the reference plant 
without CO2 capture. This value is in good agreement with efficiency drops of the process specified in previous 
studies [6] and is significantly lower than for other processes under consideration, as e.g. oxy-fuel combustion or 
MEA scrubbing. Hence, the carbonate looping process should be preferred from the viewpoint of energy efficiency. 
The key process data are listed in Table 1.  
Table 1: Key data of the power plant with CO2 capture by means of carbonate looping (without compression). 
Make-up mass flow t/h 55
Fuel input to calciner t/h 200,4 
Oxygen input to calciner t/h 438,0 
Solids mass flow to carbonator t/h 5290
MWth 1268Total heat for steam generation 
MWel 80,94 Energy demand for ASU 
MWel 20,95 Energy demand for fan before carbonator 
MWel 1583Net electrical power of total plant 
Net plant efficiency % 42,85
CO2 efficiency, total % 87,29
A carbonate looping plant for the 1052 MWel reference plant will most probably consist of two carbonators 
according the two flue gas cleaning paths of the reference plant, so that a volume flow of 1163 m3/s passes each 
carbonator. Assuming a typical velocity of 6 m/s in the circulating fluidized bed reactor, the cross sectional area of 
one reactor is around 194 m2. The calculated solids’ mass flow of around 7000 t/h is definitely manageable in 
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practical plant operation. Several circulating fluidized bed plants in the power range of 300 MWel exist worldwide. 
One carbonator may be equipped with six cyclones, i.e. three cyclones on two opposite sides. In order to enable 
short paths for solids flows between the reactors, one calciner may be placed on each of these opposite sides, 
resulting in four calciners totally. A sketch of such a plant for one flue gas cleaning path is shown in Figure 6. 
1,3
1,2
1,2
1,3 
Carbonator 
*194 m² 
Calciner 
*37 m² 
Calciner 
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4
1. To steam generator 
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Figure 6: Sketch of a carbonate looping plant for one flue gas cleaning path (of in total two parallel paths) for post-combustion CO2 capture of 
a 1052 MWel hard coal fired plant.
The CO2 avoidance costs for the plant under investigation strongly vary with investment costs, interest rate and 
availability of the plant. In average, they amount to around 18.4 €/t CO2 (including CO2 compression) and are 
therefore in the same order of magnitude as those for an oxy-fuel plant, but are significantly lower than for MEA 
scrubbing [10]. For the retrofit of existing plants, the carbonate looping process hence is from the viewpoint of 
economics a promising alternative to MEA scrubbing. 
In the framework of a research project funded by German authorities and industry, a 1 MWth test facility will be 
erected at TU Darmstadt in order to perform experimental investigations regarding the technical implementation of 
the carbonate looping process. Three existing devices, i.e. a combustor for flue gas production and two circulating 
fluidized beds serving as carbonator and calciner, will be coupled and adapted to fit the new purpose.  
4. Conclusions 
Carbonate looping is an efficient and environmentally sound process for post-combustion CO2 capture from coal-
fired power plants. The process is particularly suited for the retrofit of existing plants. The integration of the 
Carbonate Looping process after the flue gas desulphurization unit of an existing power plant is feasible. The net 
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power of the entire plant increases by around 50 %. The heat extracted from the Carbonate Looping process can be 
efficiently used for power generation in a steam cycle with super-critical steam parameters of 600/620°C. A total 
CO2 capture efficiency of around 87 % can be reached. The energy penalty of 2.75 %-points (without CO2
compression) for the Carbonate Looping process is much lower than that of other CO2 capture technologies 
currently under investigation (as e.g. MEA scrubbing or oxy-fuel combustion). A large scale coal-fired power plant 
will typically be equipped with two parallel Carbonate Looping units. The size and solids circulation rate of the 
carbonators will be in the range of state-of-the-art CFB boilers, and the calciners will even be smaller in size. The 
CO2 avoidance costs for carbonate looping are in the same order of magnitude as those for an oxy-fuel plant, but are 
significantly lower than for MEA scrubbing. For the retrofit of existing plants, the carbonate looping process hence 
is from the viewpoint of efficiency and economics a promising alternative to MEA scrubbing. Until now, most 
assumptions concerning the carbonate looping process are based on laboratory tests. Further experiments at 
sufficient scale are necessary to validate the present results. A test field in the scale of 1 MWth is currently erected at 
TU Darmstadt for further investigation regarding the technical implementation of the process. 
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